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Introduction
Arabidopsis thaliana (Arabidopsis) is a model plant for 
molecular biology studies and is the most widely studied 
plant species (Berardini et al. 2015 ; Meinke et al. 1998 ). 
Whilst extensively studied, the relationship between plant 
growth, specific plant hormones and antioxidants under 
normal growth conditions is still only partially understood. 
Ascorbic acid (AsA) is a multifunctional compound in 
plants that occurs in the cell within the cytosol, chloroplasts, 
vacuoles and mitochondria, it is also found in the cell wall 
of leaves and its concentration varies with growth condi-
tions and developmental stage (Foyer and Halliwell 1976 ; 
Kotchoni et al. 2009 ; Yoshida et al. 2006 ; Zechmann et al. 
2011). In plants, AsA is synthesised via four main pathways, 
the galactose (Wheeler et al. 1998 ), galacturonic acid (Agius 
et al. 2003 ), gulose and myo-inositol (Lorence et al. 2004 ; 
Wolucka and Van Montagu 2003 ) pathways and there are 
degradation and recycling pathways (Green and Fry 2005 ; 
Wang et al. 2010 ).
The level of AsA in different organs of individual plants 
and across species differs significantly (Gietler et al. 2016; 
Spinola et al. 2012 ). This variation is caused by various fac-
tors such as the external environment that affects the con-
centration of AsA in samples but is also influenced by the 
use of different analytical methods to quantitate the mol-
ecule including titration (Rekha et al. 2012 ), colorimetry 
(Barros et al. 2007 ), spectrophotometry (Hewitt and Dickes 
1961 ), paper chromatography (Conklin et al. 2000 ), multi-
well plate reader based assays (Queval and Noctor 2007 ) 
and high-performance liquid chromatography (HPLC). 
Abstract Optimal plant growth is the result of the interac-
tion of a complex network of plant horm n s and environ-
mental signals. Ascorbic acid (AsA) is a crucial antioxidant 
in plants and is involved in the regulation of cell division, 
cell expansion, photosynthesis and hormone biosynthe-
sis. Quantitative analysis of AsA in Ar bidopsis thaliana 
organs was conducted using HPLC w th d-isoascorbic acid 
(Iso-AsA) as an internal standard. Analysis revealed fluc-
tuations in the levels of AsA in diff rent org ns and growth 
phases when plants were grown und r standard con tions. 
AsA concentrations increased in leaves in direct proportion 
to leaf size and age. Young siliques (seed set stage) and 
flowering buds (open and unopened) showed the highest 
levels of AsA. A relationship w s found between the lev  
of AsA and indole acetic acid (IAA) in leaves, stems, flow-
ers, and siliques and the high st level of IAA and AsA 
were found in the flowers. In contrast, the lowest level of 
the plant hormone, salicylic acid, was found in the flowers, 
and the highest quantity measured i  the leaves. Con e-
quently, AsA has been found o be a multifunctional mol-
ecule that is involved as a key regulator of plant growth 
and development.
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of AsA, IAA and SA in aerial organs of Arabidopsis under 
normal growth conditions remains unclear.
The focus of the current study was to measure, in Ara-
bidopsis, the concentration of AsA in the various above 
ground organs, leaves, stems, flowers and siliques and com-
pare that with the amount of IAA and SA under controlled 
conditions. In addition, we aimed to develop a robust and 
reliable method of quantification of AsA in plant tissues 
using d-isoascorbic acid as an internal standard.
Materials and methods
Arabidopsis growth conditions
Seeds of Arabidopsis Colombia (Col-0) (LEHLE, Texas 
USA) were surface sterilized and plated on MS media 
according to Mintoff et al. (2015 ). The Petri dish was sealed 
with a plastic paraffin film (Parafilm) to prevent desiccation. 
Plates were stored in the dark at 4 °C for 2–3 days for stratifi-
cation. The plates were transferred to growth chambers with 
12/12 h day/night cycle at 21 °C, under cool white fluores-
cent lights with a light intensity of 100 μmol m−2 s−1. After 
19 days of growth, seedlings were transplanted to soil, one 
plant per pot (5 cm diameter × 5 cm high), watered with tap 
water and monitored regularly. After 30 days in soil (befo e 
flowering), rosette leaves from the first node to the sixth 
node were collected individually to quantify AsA. After 
40–60 days, organs (leaves, stem, flowers and siliques) were 
also collected for quantification of AsA, IAA and SA.
Ascorbic acid quantification
Extraction and chromatographic methods to analyse AsA 
were modified from previously published methods (Queval 
and Noctor 2007 ; Spinola et al. 2013; Tarrago-Trani et al. 
2012 ). Rosette leaves, stems, opened and unopened flowers, 
and siliques were frozen in liquid nitrogen immediately after 
detaching from the plants. Tissues were ground into a pow-
der with a mortar and pestle and for each sample 100 mg 
was transferred to a 1.5 mL amber coloured microfuge 
tube (Eppendorf) and samples were kept at −80  °C until 
extracted. Ground tissues were then dissolved in 1 mL 
extraction solvent (1 % of metaphosphoric acid (MPA)). 
The tube was vortexed for 30 s and the samples were placed 
into a refrigerated microcentrifuge (Allegra™21R centri-
fuge, Beckman) at 4 °C and were centrifuged at 17,500×g 
for 10 min. After centrifugation ~900  µL of the superna-
tant was transferred into a 1 mL sy inge, the pellet was 
discarded, and the supernatant was filtered using a syringe 
filter (0.45 µm, Acrodisc, Thermo Fisher Scientific) into a 
2 mL HPLC vial. For total AsA, 300 µL of the superna-
tant was transferred into a new vial and was mixed with 
HPLC is the current method of choice due to its separatio  
capability and accuracy (Do e  nd Hicks 1981 ; Zhang t
al. 2014 ). For example, using HPLC, c anges in AsA levels 
were accurately determined n Arabidopsis Col-0 ecotype 
rosette leaves when exposed to ozon (Conkli et l. 2000 ), 
elevated atmospheric CO2 levels (Veljovic-Jovanovic e  al. 
2001 ) or water stress (Brossa et al. 2013; Zhu et al. 2014 ).
Although the levels of AsA in Arabidopsis leaves h s been 
reasonably well characterise  following a variety of tr at-
ments (such as those described above), there is little infor-
mation regarding AsA concentration in other organs.
Ascorbic acid synthesis occurs in the leaves, it accumu-
lates in the phloem and is transported to root tips, shoots, 
and floral organs (Franceschi and Tarlyn 2002 ; Tedone et 
al. 2004 ). AsA plays a major role in the plant as an anti-
oxidant, a cofactor for som  hydroxylase enzymes (e.g. 
violaxanthin de-epoxidase) and in the regulation of cell 
division (Smirnoff 1996 , 2000 ). Other roles have been 
attributed to AsA including involvement in photosynthesis, 
hormone biosynthesis and in promotion of plant growth 
(Gallie 2013; Senn et al. 2016 ). The AsA deficient Arabi-
dopsis vtc1 mutant accumulates only 25 % AsA compared
to wild type and has significantly reduced root growth, leaf 
area, total biomass and exhibits earlier flowering and senes-
cence (Barth et al. 2006 ; Conklin et al. 2000 ; Munne-Bosch 
and Alegre 2002 ; V ljovic-Jovanovic et al. 2001 ). It has 
been observed that changes in AsA content influence plant 
growth and development by m ulating the expression of 
defense genes and hormonal signaling path ay genes. For 
example, abscisic acid contents are significantly higher in 
the Arabidopsis vtc1 mutant than in the wild type (Pastori 
et al. 2003 ) whereas auxin content is reduced in concentra-
tion by 40% in this mutant compared with Col-0 (Barth et 
al. 2010 ).
Ascorbate peroxidases (APXs) play a crucial rol  in the 
degradation and recycling pathways of AsA, especially 
under abiotic stress condition , nd facilitat the scaveng-
ing of ROS, such as H2O2 and uperoxide ion  (M ll r et 
al. 2007 ). AsA biosynthesis enzymes in the degradation and 
recycling pathways are corr spondingly involved in IAA 
and SA synthesis during stres . For instance, under h at 
stress, dry seeds of the Arabidopsis apx6-1 mu ant, which 
cannot synthesize APX6, showed increased levels of IAA 
to almost twice that of wild type (Chen et al. 2014 ). Sali-
cylic acid (SA) is primarily involved in the plant i mune
response (An and Mou 2011) and in Arabidopsis vtc1-1 
under biotic stress showed an increase in levels compar
with the Col-0 wild type (Barth et al. 2004 ; Mukherjee
al. 2010 ). In contrast, SA-deficient transgenic Arabidopsis 
expressing the salicylate hydroxylase gene, NahG, was tol-
erant to stress because of a highe  ascorbic acid/dehydro-
ascorbate (AsA/DHA) ratio in seedlings (Cao et al.2009 ; 
Zhu et al. 2011). Despite these and other studies, the level 
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sample was then subjected to centrifugation at 17,500×g 
for 5 min at 4 °C using a refrigerated microcentrifuge 
(Allegra™21R centrifuge, Beckman) after which two phases 
were formed, with plant debris between the two layers. A 
pasteur pipette was used to transfer 900 µL of the solvent 
from the lower phase into a new 2 mL tube and th  sol-
vent mixture was concentrated under nitrogen. The samples 
were redissolved in 500 µL of 20 % methanol and 20 µL of 
sample solution was injected into the reverse-phase column 
(Phenomenex C18 Gemini 5 µm, 2.00 × 150  mm) for HPLC 
analysis (Dobrev et al. 2005 ; Pan 2010 ). The HPLC 
conditions and setting are described in supplementary Table 
2. Indole acetic acid and salicylic acid stock (50 µg/mL) 
were prepared and diluted in 20% methanol, HPLC grade, 
to make calibration standards (0.3, 0.7, 1.5, 3.1, 6.2, 12.5, 
25  µg/mL). For precise and accurate extraction of IAA and 
SA, an internal standard of 50 µg caffeic acid (CA) was 
added to 100 mg of a sample before extraction (Lovelock 
2013).
Experimental design
Three independent experiments were conducted using a 
randomized complete design. Data was analyzed using 
International Business Machines Statistical Package for the 
Social Sciences (IBM SPSS statistics 22) and tested using 
Duncan’s Multiple Range Test (DMRT), and 0.05 level of 
significance.
Results
Morphological characteristics of Arabidopsis
Three stages of plant development were assessed: veg-
etative, flowering and seed set. At each stage chlorophyll 
content, leaf area and vegetative biomass was determined 
(supplementary Figs. 1 and 2).
Calibration curve of ascorbic acid
The reliability and accuracy of AsA chromatographic peaks 
were determined by injecting 20 μL of five samples of each 
AsA standard (0, 0.06, 0.125, 0.25, 0.5 and 1 mM) into a 
C18 HPLC column and linearity was assessed. To confirm 
that the extraction procedure under these conditions was 
precise, six biological extracts of the same sample of Ara-
bidopsis Col-0 leaves were injected separately after spik-
ing with a known concentration of AsA standards. The peak 
area of the standard and spiked sample was accrued at the 
same retention time after overlaying signals using Chem-
Station software. The regression equation in supplementary 
Fig. 3 was used to calculate the quantity of AsA, where x 
300 µL of 20 mM (0.57 g/100 mL water) of tris (2-carboxy 
ethyl) phosphine hydrochloride (TCEP). The samples were 
stored at room temperature for 30 min. 20 µL of samp
was injected into the C18 reverse-phase HPLC column 
(Alltech, Apollo: 5µm particle size, 4.6 × 250 mm inside 
diameter × length) for HPLC analysis. The HPLC Agilent 
1200 series system (Agilent Tech ologies, Germany) con-
ditions and settings are describ  in suppleme tary Table 
1. Quantitative analysis of AsA was performed on triplicate 
samples using a commercial softwar  program (ChemSta-
tion software, Agilent Technologie ). The µmol mounts
of AsA in the samples were determined by use of a stan-
dard curve equation. DHA was calcu ated as the difference 
between total AsA and free AsA, and the data normalized 
to the mass of fresh plant tissu determined by weighing 
before extraction.
Calibration and quality control
The linearity of the calibration curve was determined by 
injecting a range of AsA standa ds (1.3, 2.7, 5.5, 11.0, 
22.0, 44.0, 88.0 µg/mL) prepared from a stock solution of 
(176.12 µg/mL) in 1 % of MPA. Aliquots of 20 µL were 
injected into the HPLC column. For spiking, samples of 
homogenized leaves from the same growth tage were 
mixed and extracted in known concentrations of AsA (1.3, 
2.7, 5.5, 11.0, 22.0, 44.0, 88.0 µg/mL) prepared with 1 % of 
MPA. The samples were vortexed for 30 s, centrifuged at 
17,500×g for 10 min at 4 °C and passed through a 0.45µm 
acrodisc filter. 20 µL was injected into the HPLC (Tarrago-
Trani et al. 2012 ).
In addition, 50 µg of the internal standard d-iso scorbic 
acid (Iso-AsA) (Sigma,  Aldrich, MO, USA) was dded to 
each 1.5 mL tube containing the frozen homogenized plant 
material. The solvent volume was adjusted to the ratio (1:10) 
100 mg sample into 1 mL of solvent. The s m  p otocol was 
then followed as mentioned above.
Indole acetic acid and salicylic acid quantification
Arabidopsis Col-0 (leaves, stem, flowers and siliques) were 
collected after 55 ays f om plants grown under optimal 
growth conditions. Tissues w r  froz n and then ground 
with liquid nitrogen into a powder with a mortar and pestle.
100 mg of each sample was transferred to  2mL mic ofug  
tube (Axygen, Inc. Union City, CA, USA). Extraction 
and chromatographic methods were modified from previ-
ously published methods (Pan et al. 2010 ). One milliliter
of the extraction solvent, 2-propanol/H2O/c nc rated HCl 
(2:1:0.002), was added to each tube nd the tube w s shaken 
in an orbital shaker (200 rpm for 30 min at 4 °C). One mil-
liliter of 100 % of dichloromethane was then added to each 
sample and the sample shaken ag in for 30 min at 4 °C. Th  
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Accumulation of free, total AsA and DHA in different 
tissues and developmental stages
While the level of total AsA in rosette leaves of Arabidopsis 
Col-0 has been described previously (Conklin et al. 1996 ; 
Smirnoff and Wheeler 2000 ), the free, total AsA and DHA 
at different growth stages and in different organs is yet to be 
described. To investigate the level to which AsA concentra-
tion varied across different organs, tissues were collected 
for AsA analysis. In general, it was found that free and 
total AsA increased gradually during growth then declined 
at senescence. True leaves, young green stems and young 
green siliques accumulated more AsA than mature tissue, 
and the highest level of total AsA was found in the flowering 
buds and young siliques (flowering and seed set stages), and 
declined in the mature siliques (senescence stage) (Fig. 3). 
Therefore, a significant difference was found in the level of 
free and total AsA in siliques and flowering buds compared 
with stem and leaves. Cotyledons accumulated the lowest 
represents the concentration in µmol mL−1, a d y represents 
the HPLC peak area.
An internal standard, d-i o sco bic acid, was used to pre-
cisely calibrate the HPLC column and quantify the exact 
amount of AsA in each biological sample. When standard 
AsA and Iso-AsA 1 mmol (1:1) were injected into the HPLC 
column, sharp peaks after 3.4 and 3.7 min, r spectively 
were found (Fig. 1a). In addition, the individual injection of 
AsA and Iso-AsA led to the same re p ctive retentio  times. 
Under the same conditions, samples of Arabidopsis Col-0 
leaves were extracted and injected into the HPLC result g 
in an AsA peak at 3.4 min. When the internal standard was 
mixed with the sample before extraction one extra peak at 
3.7 min resulted (Fig. 1b).
Determination of AsA in rosette leaves of Arabidopsis
A comprehensive quantification of AsA in Arabidopsis Col-0 
plants at the vegetative growth stage was conducted. Plants 
grown for 30days produced 5–6 rosette leaves (Fig. 2a). Ex rac-
tion of AsA was carried out on eac  pair of separately collected 
rosette leaves from ten plant . AsA concentr tion in leaves was 
found to vary depending on leaf size a d age (Fig. 2b). Rosette
leaf number four and five accumulated significantly higher lev-
els of AsA than the other rosette leaves. Thus, the ld r (1, 2, 3) 
and the newest (6) leaves sho  les  AsA.
Fig. 2 AsA quantity in the rosette leaves of Arabidopsis Col-0. a 
Col-0 plant 30 days after planting, numerals indicate the arrangement 
of rosette leaves (a leaf of the first pair is hidden). b AsA determina-
tion in the different pairs of rosette leaves. Values with d fferent l rs 
indicate significant difference at 0.05 according to Duncan multiple 
range test, n= 6 ± SE
 
Fig. 1 HPLC chromatogram of AsA separation. a Chromatogram of 
a mixture of 1 mmol of AsA:Iso-AsA (1:1). The first peak is AsA after 
3.4 min and the second peak is Iso-AsA after 3.7min. b Sample of Ara-
bidopsis Col-0 leaf mixed with Iso-AsA then extracted with MPA. All 
standards and samples were measured at 275 nm wavelength. Y-axi  is 
absorption in milli arbitrary units (mAU)
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fresh weight, in comparison to 5 µmol/g f e h weight for 
AsA. AsA levels were highest in the flowering buds, fol-
lowed by siliques, leaves and stems, respectively (Fig. 5c). 
It is noteworthy that the overall AsA quantity was higher 
in all the organs studied compared with IAA and SA. Total 
IAA and SA quantity was approximately 0.04 and 0.75 % 
respectively, of the quantity of AsA found.
Discussion
AsA is an abundant molecule in plants and is essential for 
photosynthesis, cell division, growth and senescence (Gal-
lie 2013; Ivanov 2014 ; Pavet et al. 2005 ; Smirnoff 1996 ). 
Therefore, knowing the precise quantity and spatial distri-
bution of AsA in plants is important for understanding the 
multitude of roles AsA plays in plant metabolism. It is criti-
cal for the quantification of any molecule in plants to know 
the accuracy of the extraction process. When using HPLC to 
quantitate the concentration of a molecule it is important to 
use an internal standard to evaluate the efficiency of sample 
preparation and retention of the molecule of interest through 
the various stages of analysis. Spiking of samples is used 
broadly to determine the accuracy of the extraction method 
(Klimczak and Gliszczynska-Swigło 2015 ; Scartezzini et al. 
2006 ). In our study, the internal standard, Iso-AsA (erytho-
bic acid/d-araboascorbic acid), differs from AsA only in 
the relative position of the hydrogen and hydroxyl groups 
on the fifth carbon atom of the molecule. Iso-AsA is used 
intensively for the determination of AsA in blood cells and 
plasma but has been rarely used for determination of AsA 
in plants (Nováková et al. 2008 ; Zapata and Dufour 1992 ). 
levels of all the compounds xcept DHA, wh ch had the 
lowest level in flowering buds.
Correlation between indole acetic acid, salicylic acid 
and ascorbic acid levels
To examine the relationship between AsA and IAA and SA 
levels in different organs, a modification of the method of 
detection used by Pan et al. (2010 ) was followed. Figure 4 
shows the IAA and SA chromatogram and li ear equation 
used to calculate the quantity of hormone in each sample. 
IAA and SA were detected after 6.4 and 6.6 min r ten-
tion times, respectively. The regression value was 0.99 f r 
the standard curves for both IAA and SA. The regressi n 
equation for IAA was y = 5.3732x − 1.3998 (Fig. 4a) and 
y = 3.3125x − 5.6115 for SA (Fig. 4b). Caffeic acid was 
used as an internal standard to test the accuracy of the prepa-
ration and detection of the h rmo es. The CA peak occurred 
after 2.4 min (Fig. 4c). To confirm the levels of IAA and SA 
from a sample, the extraction process was commenced by 
mixing the internal standard CA with th  sampl  as shown 
in the chromatogram for extracts of Arabidopsis Col-0 flow-
ering buds (Fig. 4d). Therefore, after confirming the extrac-
tion and detection method of IAA and SA, xper m nts 
were conducted to detect IAA and SA in the leaves, s m, 
flowers (open and unopened flowering buds) and siliques of 
Arabidopsis Col-0 plants at 55 days old.
The highest quantity of IAA was found in the flowers 
when compared with siliques, s ems and leav  (Fig. 5a). 
In contrast, the quantity of SA was significantly higher in 
leaves compared with stems, siliques and flowers (Fig. 5b). 
The highest level of SA found in the leaves was 1.4 µmol/g 
Fig. 3 Free, total AsA, and DHA quantity in different organs and 
growth phases of Arabidopsis Col-0. Cotyledon leaves were collected 
19  days after germination on MS medium. True leaves are a mixture of 
first, second, third, fourth, fifth, sixth, seventh rosette leaves collected 
after 40 days. Young stem, open and unopened flowering buds and 
young siliques were collected after 50 days. Mature stem and mature 
sil ques w  collected after 60days (shattering in 10 % o sil que). 
Dot barFre  AsA, Black bar Total AsA, White bar DHA. Values with 
different letters indicate significant differenc  at 0.05 according to the 
Duncan multiple range test. Each bar color was compared with itself, 
n = 3 ± SE
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commercial juices, extracts from leaves, flowers, fruits and 
seeds) (Chotyakul et al. 2014 ; Grace et al. 2014 ; T rrago-
Trani et al. 2012 ), whereas there is little research describ-
ing spatial differences in AsA across different organs of a 
single species such as described here for Arabidopsis thali-
ana. The route to AsA accumulation in leaves is complex, 
as AsA is synthesised in plant cell compartments in different 
concentrations and via different pathways (Wheeler et al. 
2015 ). For example, it has been shown by autoradiograph 
analysis that AsA accumulated in the phloem of leaves and 
was transported to root tips, shoots and floral organs of Ara-
bidopsis (Franceschi and Tarlyn 2002 ).
Leaves are the source of energy for other organs such as 
flowers and fruit (Fester et al. 2013), and in a similar way, the 
chloroplast is the main source of AsA synthesis in plant cells 
(Fernie and Toth 2015 ; Talla et al. 2011). Arabidopsis has a 
Iso-AsA can correct for variat ons in AsA oxidation rate and 
overcomes a major problem associated wi h instability 
(Eitenmiller et al. 2016; Kutnink et al. 1987 ; Sauberlich et 
al. 1996 ). AsA is an unstable compou d under different con-
ditions and solvents (data not shown) and various studies 
have previously investigated the tability and degra ation 
of AsA (Munyaka et al. 2010 ; Noj van et al. 2008 ; Spinola 
et al. 2012 ) Here, we have shown the accuracy d rel abil-
ity of the method used for extraction of AsA from a plant 
sample.
HPLC quantification has been widely used to deter-
mine AsA from a variety of differ nt plant xt cts (e.g.
Fig. 4 HPLC chromatogram of IAA and SA separation.  IAA chro-
matogram (peak 2) after 6.4 min and the linear regression of IAA 
standard. b SA chromatogram (peak 3) fter 6.6 min and the linear 
regression of SA standard. c Chromatogram mixture of CA, IAA and 
SA (1:1:1). d Chromatogram of Arabidopsis Col-0 flowering buds with 
internal standard
 
Fig. 5 IAA, SA and AsA quantity in different organs of Arabidop-
sis Col-0. Leaves, stem, flowers (open and unopened flowering buds) 
and siliques were collected after 50 days growth. a IAA quantity, b 
SA quantity and c AsA quantity. Values with different letters indicate 
significant difference at 0.05 according to the Duncan multiple range 
test, n = 4 ± SE
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analysed (i.e. SA levels were lowest in flowers while AsA 
levels were highest in flowers), which agrees with previ-
ous work that demonstrated that low levels of AsA in the 
vtc1 Arabidopsis mutant had elevated SA levels (Barth et 
al. 2004 ). Accordingly, evidence suggests that SA can act 
as a positive or a negative regulator of cell division depend-
ing on the context in which signaling occurs, and it has a 
crucial role in cell growth regulation and plant develop-
ment (Rivas-San Vicente and Plasencia 2011; Vanacker et 
al. 2001 ). Furthermore, it has been demonstrated that SA 
can regulate the production of antioxidants and is therefore 
influential on accumulated ROS in plant tissue (Hara et al. 
2012 ; Thiruvengadam et al. 2016). Therefore, our study 
reveals that under standard growth conditions, a high level 
of AsA and IAA but low levels of SA are present in the flow-
ering buds, the most active organs of cell division.
In conclusion, the concentration of AsA in leaves is 
dependent on the age and size and the organs of propagation 
(flowers and siliques) are the major sites of AsA accumula-
tion. AsA may also play a role in modulating the levels of 
plant growth regulators. In addition, d-isoascorbic acid is a 
reliable internal standard for use in determining AsA con-
centration in plant extracts.
Acknowledgments Noura Kka was supported by a scholarship from 
the higher committee for education development in Iraq.
References
Agius F, Gonzalez-Lamothe R, Caballero JL, Munoz-Blanco J, Botella 
MA, Valpuesta V (2003) Engineering increased vitamin C levels 
in plants by overexpression of a d-galacturonic acid reductase. 
Nat Biotech 21(2):177–181
An C, Mou Z (2011) Salicylic acid and its function in 
plant immunityF. J Integr Plant Biol 53(6):412–428. 
doi:10.1111/j.1744-7909.2011.01043.x
Barros L, Ferreira M-J, Queirós B, Ferreira ICFR, Baptista P (2007) 
Total phenols, ascorbic acid, β-carotene and lycopene in Portu-
guese wild edible mushrooms and their antioxidant activities. Food 
Chem 103(2):413–419. doi:10.1016/j.foodchem.2006.07.038
Barth C, Moeder W, Klessig DF, Conklin PL (2004) The timing of 
senescence and response to pathogens is altered in the ascor-
bate-deficient Arabidopsis mutant vitamin c-1. Plant Physiol 
134(4):1784–1792
Barth C, De Tullio M, Conklin PL (2006) The role of ascorbic acid in 
the control of flowering time and the onset of senescence. J Exp 
Bot 57(8):1657–1665
Barth C, Gouzd ZA, Steele HP, Imperio RM (2010) A mutation in 
GDP-mannose pyrophosphorylase causes conditional hyper-
sensitivity to ammonium, resulting in Arabidopsis root growth 
inhibition, altered ammonium metabolism, and hormone homeo-
stasis. J Exp Bot 61(2):379–394. doi:10.1093/jxb/erp310
Berardini TZ, Reiser L, Li D, Mezheritsky Y, Muller R, Strait E, Huala 
E (2015) The Arabidopsis information resource: making and min-
ing the “gold standard” annotated reference plant genome. Gen-
esis 53 (8):474–485
Brossa R, Pintó-Marijuan M, Jiang K, Alegre L, Feldman LJ (2013) 
Assessing the regulation of leaf redox status under water stress 
simple leaf, and the size diff rs according to age and growth 
stage. The significantly higher level of AsA and total chlo-
rophyll in the fully expanded leaves of Arabidopsis Col-0 
correspond with data that showed that in the presence of AsA 
the highest photosynthetic activity occurred at maximum leaf 
expansion and that the synthesis of ATP was incr ased two 
to three fold (Forti and Elli 1995 ; Ivanov 2014 ; Weraduwage
et al. 2015 ) There is a distinct relat onship between eaf area 
and cell expansion where high ascorbate oxidas ctivity in 
the cell wall is correlated with areas of apid cell expansion 
(Lisko et al. 2013; Smirnoff and Wheeler 2000 ). Additio-
ally, it has been found that AsA is localized n the cell wall 
(Dhar et al. 1980 ; Smirnoff 1996 ) and that the composition 
and structure of the cell wall changes with apid cell expan-
sion and growth (Cosgrove 1999 ). Thus, to account for th
differences in AsA concentratio  fo nd in new versus mature 
rosette leaves we propose that the newest ros tte l aves did 
not have sufficient time to accumulate a level of AsA that 
was comparable with that of fully expanded leaves.
As well as examining the variation in concentration of 
AsA across leaf age, we also ex mined the amo nt of AsA in 
other organs after different periods of growth. Young organs 
accumulated higher concentrations f tota  AsA comp red 
with those that were older and the highest level was found 
in the flowering buds, that are the most active areas of cell 
division and expansion. AsA concentration decreased during 
senescence. Flower bud production is stimulated by the key 
regulatory hormones, auxin and gibberellin (Thingnaes et 
al. 2003). The levels of these two hormones decrease during 
senescence, and growth inhibitory hormones, such as abscisic 
acid, increase in mature stems and siliques (Sha  t al. 2012). 
IAA plays a crucial role in cell division (Wang and G o 2015 ). 
During flowering, cell division induced by the activity of IAA 
and GA at the apical meristem promotes increased levels of 
AsA in flowering buds and young siliques. Inversely, reduced 
AsA in the mature tissue is cor elated with cell senescence and
programed cell death, which in turn leads o ecreased levels 
of AsA (Barth et al. 2004, 2006 ; P vet et al. 2005 ).
We have shown that the level of AsA found in Arabi-
dopsis tissues such as flowering buds corresponds directly 
with the level of IAA. In addition, IAA nd AsA were bo  
reduced in concentration in differentiated tissues such as 
leaves and stems. It has been sh wn that he high st level 
of IAA is synthesized in young actively dividing cells in the 
aerial part of the plant (No manly 2010 ; Pfluger and Zam-
bryski 2004 ). Therefore, we suggest that the activity of cell 
division during flowering and seed development accelerates 
the biosynthesis of IAA and at he same time directly or 
indirectly induces the accumulat on of secondary metabo-
lites including AsA. It has also been found that SA regulates 
plant responses to both abiotic and biotic stresses (Huang et 
al. 2016; Miura and Tada 2014 ). Our results show an verse 
relationship between SA and AsA l vels across the organs 
1 3
Plant Growth Regul (2017) 81:283–292 289
Green MA, Fry SC (2005) Vitamin C degradation in plant cells 
via enzymatic hydrolysis of 4-O-oxalyl-l-threonate. Nature 
433(7021):83–87
Hara M, Furukawa J, Sato A, Mizoguchi T, Miura K (2012) Abi-
otic stress and role of salicylic acid in plants. In: Abiotic stress 
responses in plants. Springer, pp 235–251
Hewitt EJ, Dickes GJ (1961) Spectrophotometric measurements on 
ascorbic acid and their use for the estimation of ascorbic acid and 
dehydroascorbic acid in plant tissues. Biochem J 78(2):384–391
Huang C, Wang D, Sun L, Wei L (2016) Effects of exogenous salicylic 
acid on the physiological characteristics of Dendrobium offici-
nale under chilling stress. Plant Growth Regul 79(2):199–208. 
doi:10.1007/s10725-015-0125-z
Ivanov B (2014) Role of ascorbic acid in photosynthesis. BioChemis-
try 79(3):282–289
Klimczak I, Gliszczynska-Swigło A (2015) Comparison of UPLC 
and HPLC methods for determination of vitamin C. Food Chem 
175:100–105. doi:10.1016/j.foodchem.2014.11.104
Kotchoni SO, Larrimore KE, Mukherjee M, Kempinski CF, Barth C 
(2009) Alterations in the endogenous ascorbic acid content affect 
flowering time in Arabidopsis. Plant Physiol 149(2):803–815. 
doi:10.1104/pp.108.132324
Kutnink MA, Hawkes WC, Schaus EE, Omaye ST (1987) An inter-
nal standard method for the unattended high-performance liquid 
chromatographic analysis of ascorbic acid in blood components. 
Anal Biochem 166(2):424–430
Lisko KA, Torres R, Harris RS, Belisle M, Vaughan MM, Jullian B, 
Chevone BI, Mendes P, Nessler CL, Lorence A (2013) Elevat-
ing vitamin C content via overexpression of myo-inositol oxy-
genase and L-gulono-1, 4-lactone oxidase in Arabidopsis leads to 
enhanced biomass and tolerance to abiotic stresses. In Vitro Cell 
Dev Biol Plant 49(6):643–655
Lorence A, Chevone BI, Mendes P, Nessler CL (2004) myo-Inositol 
oxygenase offers a possible entry point into plant ascorbate 
biosynthesis. Plant Physiol 134(3):1200–1205. doi:10.1104/
pp.103.033936
Lovelock DA (2013) Salicylic acid and its role in defence against plas-
modiophora brassicae. Deakin University
Meinke DW, Cherry JM, Dean C, Rounsley SD, Koornneef M (1998) 
Arabidopsis thaliana: a model plant for genome analysis. Science 
282(5389):662–682. doi:10.1126/science.282.5389.662
Miller G, Suzuki N, Rizhsky L, Hegie A, Koussevitzky S, Mittler R 
(2007) Double mutants deficient in cytosolic and thylakoid ascor-
bate peroxidase reveal a complex mode of interaction between 
reactive oxygen species, plant development, and response to 
abiotic stresses. Plant Physiol 144(4):1777–1785. doi:10.1104/
pp.107.101436
Mintoff S, Rookes J, Cahill D (2015) Sub-lethal UV-C radiation 
induces callose, hydrogen peroxide and defence-related gene 
expression in Arabidopsis thaliana. Plant Biol 17(3):703–711
Miura K, Tada Y (2014) Regulation of water, salinity, and cold stress 
responses by salicylic acid. Front Plant Sci 5. doi:10.3389/
fpls.2014.00004
Mukherjee M, Larrimore KE, Ahmed NJ, Bedick TS, Barghouthi NT, 
Traw MB, Barth C (2010) Ascorbic acid deficiency in Arabidop-
sis induces constitutive priming that is dependent on hydrogen 
peroxide, salicylic acid, and the NPR1 gene. Mol Plant Microbe 
Interact 23(3):340–351. doi:10.1094/mpm -23-3-0340
Munne-Bosch S, Alegre L (2002) Interplay between ascorbic acid and 
lipophilic antioxidant defences in chloroplasts of water-stressed 
Arabidopsis plants. FEBS Lett 524(1–3):145–148. doi:10.1016/
S0014-5793(02)03041-7
Munyaka AW, Oey I, Van Loey A, Hendrickx M (2010) Application 
of thermal inactivation of enzymes during vitamin C analysis to 
study the influence of acidification, crushing and blanching on 
conditions in Arabidopsis thaliana: col-0 ecotype (wild-type and
vtc-2), expressing mitochondrial and cytosolic roGFP1. Plant 
Signaling Behav 8(7):e24781
Cao Y, Zhang Z-W, Xue L-W, Du J-B, Shang J, Xu F, Yu n S, Lin 
H-H (2009) Lack of salicylic acid in Arabidopsi  protects plants 
against moderate salt stress. Z Naturfor ch C 64(3–4):231–238
Chen C, Letnik I, Hacham Y, Dobrev P, Ben-Daniel B-H, Vanková 
R, Amir R, Miller G (2014) ASCORBATE PEROXIDASE6 pro-
tects Arabidopsis desiccating and germinating seeds from stress 
and mediates cross talk between reactive oxygen species, abs i ic 
acid, and auxin. Plant Physiol 166(1):370–383
Chotyakul N, Pateiro-Moure M, Martínez-Carballo E, Saraiva JA, 
Torres JA, Pérez-Lamela C (2014) Development of an improved 
extraction and HPLC method for the measurement of ascorbic 
acid in cows’ milk from processing plants and retail outlets. Int J 
Food Sci Technol 49(3):679–688
Conklin PL, Williams EH, Last RL (1996) Environmental stress sensi-
tivity of an ascorbic acid-deficient Arabidopsis mutant. Proc Natl 
Acad Sci USA 93(18):9970–9974
Conklin PL, Saracco SA, Norris SR, Last RL (2000) Identification of 
ascorbic acid-deficient Arabidopsis thaliana mu ants. Genet cs 
154(2):847–856
Cosgrove DJ (1999) Enzymes and other age ts that enhance ell wall 
extensibility. Annu Rev Plant Biol 50(1):391–417
Dhar A, Patel K, Shah C (1980) Role of ascorbic cid in auxi  induced 
cell elongation. Histochemistry 69(1):101–109
Dobrev PI, Havlíček L, Vágner M, Malbeck J, Kamínek M (2005) 
Purification and determination of plant hormones auxin and 
abscisic acid using solid phase extraction and wo-dimensional 
high performance liquid chromatography. J Chromatogr A 
1075(1–2):159–166. doi:10.1016/j.chroma.2005.02.091
Doner LW, Hicks KB (1981) High-performance liquid chromato-
graphic separation of ascorbic a id erythorbic acid, dehy-
droascorbic acid, dehydroeryth rbic cid, diketogulon c acid, 
and diketogluconic acid. Anal B chem 115(1):225–230. 
doi:10.1016/0003-2697(81)90550-9
Eitenmiller RR, Landen Jr W, Ye L (2016) Vitamin analysis for the 
health and food sciences (CRC press)
Fernie AR, Toth SZ (2015) Identification of the elusive chloroplast 
ascorbate transporter extends the substrate specificity of the PHT 
family. Molecular Plant 8(5):674–676
Fester T, Fetzer I, Härtig C (2013) A core set of metabolite ink/sourc
ratios indicative for plant organ prod c ivi y in Lo us japonicus. 
Planta 237(1):145–160
Forti G, Elli G (1995) The function of ascorb c acid in photosynthetic 
phosphorylation. Plant Physiol 109(4):1207–1211
Foyer C, Halliwell B (1976) The presence of glutathione and gluta-
thione reductase in chloroplasts: a prop sed role in ascorbic acid 
metabolism. Planta 133(1):21–25. doi:10.1007/bf00386001
Franceschi VR, Tarlyn NM (2002) l-ascorbic acid is accumulated in 
source leaf phloem and transported to sink tissues in plants. Plant 
Physiol 130(2):649–656. doi:10.1104/pp.007062
Gallie DR (2013) The role of l-ascorbic acid recycling in responding 
to environmental stress and in promoting plant g owth. J Exp Bot 
64(2):433–443. doi:10.1093/jxb/ers330
Gietler M, Nykiel M, Zagdańska BM (2016) Changes in the reduction 
state of ascorbate and glutathione, protein oxidation and hydroly-
sis leading to the development of dehydration intolerance in Triti-
cum aestivum L. seedlings. Plant Growth Regul 79(3):287–297. 
doi:10.1007/s10725-015-0133-z
Grace MH, Yousef GG, Gustafson SJ, Truong V-D, Yencho GC, Lila 
MA (2014) Phytochemical changes in phenolics, anthocyanins, 
ascorbic acid, and carotenoids associat d with sw etpotato stor-
age and impacts on bioactive properties. Food Chem 145(0):717–
724. doi:10.1016/j.foodchem.2013.08.107
1 3
Plant Growth Regul (2017) 81:283–292290
Spinola V, Mendes B, Câmara JS, Castilho PC (2013) Effect of time 
and temperature on vitamin C stability in horticultural extracts. 
UHPLC-PDA vs iodometric titration as analytical methods. 
LWT-Food Sci Technol 50(2):489–495
Talla S, Riazunnisa K, Padmavathi L, Sunil B, Rajsheel P, Raghav-
endra AS (2011) Ascorbic acid is a key participant during the 
interactions between chloroplasts and mitochondria to optimize 
photosynthesis and protect against photoinhibition. J Biosci 
36(1):163–173
Tarrago-Trani MT, Phillips KM, Cotty M (2012) Matrix-specific 
method validation for quantitative analysis of vitamin C in 
diverse foods. J Food Compos Anal 26(1):12–25
Tedone L, Hancock RD, Alberino S, Haupt S, Viola R (2004) Long-
distance transport of l-ascorbic acid in potato. BMC Plant Biol 
4(1):16
Thingnaes E, Torre S, Ernstsen A, Moe R (2003) Day and night tem-
perature responses in Arabidopsis: effects on gibberellin and 
auxin content, cell size, morphology and flowering time. Ann Bot 
92(4):601–612. doi:10.1093/aob/mcg176
Thiruvengadam M, Baskar V, Kim S-H, Chung I-M (2016) Effects 
of abscisic acid, jasmonic acid and salicylic acid on the content 
of phytochemicals and their gene expression profiles and bio-
logical activity in turnip (Brassica rapassp. apa). Plant Growth 
Regul:1–14. doi:10.1007/s10725-016-0178-7
Vanacker H, Lu H, Rate DN, Greenberg JT (2001) A role for salicylic 
acid and NPR1 in regulating cell growth in Arabidopsis. Plant J 
28(2):209–216
Veljovic-Jovanovic SD, Pignocchi C, Noctor G, Foyer CH (2001) 
Low Ascorbic Acid in the vtc-1 mutant of Arabidopsis Is associ-
ated with decreased growth and intracellular redistribution of the 
antioxidant system. Plant Physiol 127(2):426–435. doi:10.1104/
pp.010141
Wang J-J, Guo H-S (2015) Cleavage of INDOLE-3-ACETIC ACID 
INDUCIBLE28 mRNA by MicroRNA847 upregulates auxin sig-
naling to modulate cell proliferation and lateral organ growth in 
Arabidopsis. The Plant Cell 27(3):574–590
Wang Z, Xiao Y, Chen W, Tang K, Zhang L (2010) Increased Vitamin 
C content accompanied by an enhanced recycling pathway con-
fers oxidative stress tolerance in Arabidopsis. J Integr Plant Biol 
52(4):400–409. doi:10.1111/j.1744-7909.2010.00921.x
Weraduwage SM, Chen J, Anozie FC, Morales A, Weise SE, Shar-
key TD (2015) The relationship between leaf area growth and 
biomass accumulation in Arabidopsis thaliana. Front Plant Sci 
6:167. doi:10.3389/fpls.2015.00167
Wheeler GL, Jones MA, Smirnoff N (1998) The biosynthetic pathway 
of vitamin C in higher plants. Nature 393(6683):365–369
Wheeler G, Ishikawa T, Pornsaksit V, Smirnoff N (2015) Evolu-
tion of alternative biosynthetic pathways for vitamin C fol-
lowing plastid acquisition in photosynthetic eukaryotes. Elife 
4:e06369
Wolucka BA, Van Montagu M (2003) GDP-mannose 3′,5′-epim-
erase forms GDP-L-gulose, a putative intermediate for the 
de novo biosynthesis of vitamin C in plants. J Biol Chem 
278(48):47483–47490
Yoshida S, Tamaoki M, Shikano T, Nakajima N, Ogawa D, Ioki M, 
Aono M, Kubo A, Kamada H, Inoue Y, Saji H (2006) Cyto-
solic Dehydroascorbate reductase is important for ozone toler-
ance in Arabidopsis thaliana. Plant Cell Physiol 47(2):304–308. 
doi:10.1093/pcp/pci246
Zapata S, Dufour J-P (1992) Ascorbic, dehydroascorbic and Isoascorbic 
Acid simultaneous determinations by reverse phase ion interaction 
HPLC. J Food Sci 57(2):506–511. doi:10.1111/j.1365-2621.1992.
tb05527.x
Zechmann B, Stumpe M, Mauch F (2011) Immunocytochemical deter-
mination of the subcellular distribution of ascorbate in plants. 
Planta 233(1):1–12
vitamin C stability in Broccoli (Brassica oleracea L var. it lica). 
Food Chem 120(2):591–598
Nojavan S, Khalilian F, Kiaie FM, Rahimi A, Arabanian A, Chalavi S 
(2008) Extraction and quantitative determination f ascorbic acid 
during different maturity stages of Rosa canina L. fruit. J Food
Compos Anal 21(4):300–305. doi:10.1 16/j.jfca.2007.11.007
Normanly J (2010) Approaching cellular and molecular resolution f 
auxin biosynthesis and metabolism. C ld Spring Harbor Perspect 
Biol 2(1):a001594
Nováková L, Solich P, Solichová D (2008) HPLC methods for 
simultaneous determination of asc rbic and dehydroascor-
bic acids. Trends Anal Chem 27(10):942–958. doi:10.1016/j.
trac.2008.08.006
Pan X, Welti R, Wang X (2010) Quantitative an lysis of major plant 
hormones in crude plant extracts by high-performance liquid 
chromatography–mass spectrometry. Nature Protoc 5(6):986–992
Pastori GM, Kiddle G, Antoniw J, Bernard S, Veljovic-Jovanovic S, 
Verrier PJ, Noctor G, Foyer CH (2003) Leaf vitamin C contents
modulate plant defense transcripts and regulate genes that control 
development through hormone signali . Plant Cell 15(4):939–
951. doi:10.1105/tpc.010538
Pavet V, Olmos E, Kiddle G, Mowla S, Kumar S, Anton w J, Alva-
rez ME, Foyer CH (2005) Ascorbic acid deficiency activates 
cell death and disease resistance response  in Arabidopsis. Plant 
Physiol 139(3):1291–1303. doi:10.1104/pp.105.067686
Pfluger J, Zambryski P (2004) The role of SEUSS in auxin response 
and floral organ patterning. Development 131(19):4697–4707. 
doi:10.1242/dev.01306
Queval G, Noctor G (2007) A plate reader method for the measurement
of NAD, NADP, glutathione, and ascorbate in tissue ext ac s: 
application to redox profiling during Arabidopsis rosette develop-
ment. Anal Biochem 363(1):58–69. doi:10.10 6/j.ab.2007.01.005
Rekha C, Poornima G, Manasa M, Abhipsa V, Devi JP, kumar htv, 
kekuda trp (2012) Ascorbic acid, total phenol content and antioxi-
dant activity of fresh juices of four ripe and unripe citrus fruits. 
Chem Sci Transactions 1(2):303–310
Rivas-San Vicente M, Plasencia J (2011) Salicylic acid beyond 
defence: its role in plant growth and devel pme t. J Exp Bot 
62(10):3321–3338. doi:10.1093/jxb/err031
Sauberlich HE, Tamura T, Craig CB, Freeberg LE, Liu T (1996) Effects 
of erythorbic acid on vitamin C metabolism in young wom n. Am 
J Clin Nutr 64(3):336–346
Scartezzini P, Antognoni F, Raggi MA, Poli F, Sabbion  C (2006) 
Vitamin C content and antioxidant activity of the fruit and of the 
Ayurvedic preparation of Emblica officinalis Gaertn. J Ethno-
pharmacol 104(1–2):113–118. doi:10.1016/j.jep.2005.08.065
Senn ME, Gergoff Grozeff GE, Alegre ML, Bar ile F, De Tullio MC, 
Bartoli CG (2016) Effect of mitochondrial ascorbic acid syn-
thesis on photosynthesis. Plant Physiol Biochem 104:29–35. 
doi:10.1016/j.plaphy.2016.03.012
Shan H, Chen S, Jiang J, Chen F, Chen Y, Gu C  Li P, Song A, Zhu 
X, Gao H (2012) Heterologous expression of the chrysanthemum
R2R3-MYB transcription factor CmMYB2 enhances dr ugh  and 
salinity tolerance, increases hypersensitivity to ABA and delays 
flowering in Arabidopsis thaliana. Mol Biotechnol 51(2):160–173
Smirnoff N (1996) Botanical briefing: the function and metabolism of 
ascorbic acid in plants. Ann Bot (L nd) 78(6):661–669
Smirnoff N (2000) Ascorbic acid: metabolism and func ions of a 
multi-facetted molecule. Curr Opin Plant Biol 3(3):229–235
Smirnoff N, Wheeler GL (2000) Ascorbic cid in plants: biosynthesis 
and function. Crit Rev Biochem Mol Biol 35(4):291–314
Spinola V, Mendes B, Câmara JS, Castilho PC (2012) An mproved 
and fast UHPLC-PDA methodology for determination of l-ascor-
bic and dehydroascorbic acids in fruits and vegetables. Evalu-
ation of degradation rate during s orage. Anal Bioanal Chem 
403(4):1049–1058
1 3
Plant Growth Regul (2017) 81:283–292 291
alleviated symptom infected with RNA viruses. Plant Signaling 
Behav 6(9):1402–1404. doi:10 4161/psb.6.9.16538
Zhu L, Guo J, Zhu J, Zhou C (2014) Enhanced expression of EsWAX1 
improves drought tolerance with increased accumulation of 
cuticular wax and ascorbic acid in transgenic Arabidopsis. Plant 
Physiol Biochem 75:24–35. doi:10.1016/j plaphy.2013.11.028
Zhang Q, Zhu M, Zhang J, Su Y (2014) Improved on-line high per-
formance liquid chromatography method for detection of anti-
oxidants in Eucommia ulmoides Oliver flower. J Biosci Bioeng 
118(1):45–49. doi:10.1016/j.jbiosc.2013.12.009
Zhu F, Yuan S, Wang S-D, Xi D-H, Lin H-H (2011) The higher expres-
sion levels of dehydroascorbate reductase and glutath one reduc-
tase in salicylic acid-deficient plants may contribute to their 
1 3
Plant Growth Regul (2017) 81:283–292292
